The effect of ZnO/ZnSe core/shell nanorod arrays photoelectrodes on PbS quantum dot sensitized solar cell performance M. Kamruzzaman ZnO nanorod (NR) based inorganic quantum dot sensitized solar cells have gained tremendous attention for use in next generation solar cells. ZnO/ZnSe-core/shell NR arrays (NRAs) with various densities were grown on an Au@ZnO seed layer (Au ¼ 0.0, 4.0, 8.0 and 16.0 nm) on glass supported fluorine-doped tin oxide (FTO) substrates using low cost hydrothermal and ion-exchange approaches. PbS quantum dots (QDs) were loaded into the ZnO/ZnSe core/shell NRAs via a successive ionic layer adsorption and reaction (SILAR) method. The morphology, structural and optical properties of the core/shell NRAs were investigated using field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and UV-vis spectroscopy measurements. It was observed that the density of the ZnO/ZnSe NRAs decreases with increasing Au buffer layer thickness. The absorption decreases along with a decrease in the ZnO/ZnSe NRA density. The ZnO NRs/PbS QD photoelectrode performs poorly; however, after introducing a ZnSe shell on the core-ZnO, the solar cells parameters changed according to the ZnO/ZnSe NRA density. Values of h ¼ $0.88%, J SC ¼ 14.60 mA cm À2 , and V OC ¼ 190 mV, and h ¼ $0.25%, J SC ¼ 6.77 mA cm À2 , and V OC ¼ 115 mV were obtained for the highest and lowest NRA densities, respectively. Although the photovoltaic performance of these photoelectrodes is still inferior, further improvement of the device would be possible by suppressing surface defects, and through quality optimization of the ZnO/ZnSe NRAs, PbS QDs, counter electrode and electrolyte.
Introduction
Quantum dot (QD) sensitized nanostructure based solar cells have been attracting a tremendous amount of attention in the development of an alternative to silicon-based solar cells. 1 Inorganic quantum dot solar cells (QDSSCs) are promising for next generation solar cells due to their low-cost cell fabrication and high power conversion efficiency. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This type of photovoltaic cell is a modication of the dye synthesized solar cell (DSSC), 13, 14 which was rst introduced by O'Regan and Grätzel in 1991. 14 The efficiencies of QDSSCs are lower than those of DSCs, 15 which implies that some challenges still remain in enhancing the performance of QDSSCs. The power conversion efficiency (PCE) of these solar cells has risen to over 11.6%. [16] [17] [18] [19] [20] [21] [22] [23] QDSSCs are more attractive than DSSCs due to the fact that QDs are promising efficient light harvesting candidate materials for sensitized solar cells. 24 QDs have been used as a sensitizer due to them having several excellent properties such as; that their band gap can be tuned via a size dependent quantum connement effect, 25 they have higher absorption coefficients, 26 multiple exciton generation (MEG), 27 the possibility of hot electron injection, 28 extended photostability, impact ionization effects and simple fabrication processes. 29 Various narrow band gap inorganic semiconductors QDs such as CdS, 30 CdSe, 31 CdHgTe, 32 InAs, 32 CISeS, 33 Zn-Cu-In-Se, 16 CdTe, 34 and PbS 35 have been used as sensitizers. C. Y. Luan et al. and Lee et al. reported efficiencies of 0.27% and 0.59% for CdS QD-sensitized ZnO NR-based solar cells. 30, 36 The efficiency of CdSe QDsensitized ZnO nanotube array based solar cells is around 0.44%. 31 TiO 2 nanostructured solar cells decorated with CdHgTe QDs and InAs QDs exhibit PCEs of around 0.81% 31 and 0.3%, 32 respectively. CuInSe x S 2Àx and Zn-Cu-In-Se QD sensitized solar cells have efficiencies of around 5% 33 and 11.61%. 16 The efficiencies of core/shell CdSe/CdTe and CdTe/CdSe structures have been reported to be around 0.14% and $0.38%. 34 The PCE of a PbS QD sensitized TiO 2 nanoparticle thin lm solar cell was found to be 3.88%. 34 Baxter and Aydil have reported an efficiency of 0.5% for a ZnO NW-based solar cell. 37 A vertical oriented ZnO NR based hybrid-polymer/ZnO photovoltaic device demonstrated an efficiency of 0.2%. 38 An efficiency of 0.22% has been reported for a ZnO NR-based dye-synthesized solar cell. 39 Recently, wide band gap metal oxides QDs have also been used to improve charge transfer properties and reduce the charge recombination rate. 16 In addition, QD sensitized solar cell devices can be printed in a roll-to-roll manner using compatible techniques. Among the various QDs, lead sulde (PbS) QDs have been chosen as a sensitizer for the development of photo-energy conversion efficiency [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 40 and photodetector performance 32 because of their unique properties such as size-dependent tunable band gap in between 0.41 (bulk) and 4.0 eV 34, 40 , multiple exciton generation (MEG), 41 high absorption coefficient and good photostability. PbS QDs exhibit strong quantum size effects compared to CdS and CdSe QDs 29 for a QD size of <18 nm.
To construct QD-sensitized solar cells, a general strategy is essential to design and select new materials as well as novel nanostructures for electron transporting and QD loading. In this case surface morphologies play a crucial role in improving electron mobility associated with ordered metal oxide nanostructures. The nanostructures of SnO 2 , TiO 2 , WO 3 and ZnO metal oxides have been studied for several years. Among these oxides, the nanostructures of TiO 2 and ZnO have been extensity and intensively investigated. [42] [43] [44] [45] [46] [47] [48] Although TiO 2 possesses an almost similar band gap and physical properties as those of ZnO, ZnO is the most suitable semiconductor material for photoanode applications. [44] [45] [46] [47] [48] One dimensional (1D) ZnO NRs/ NWs exhibit much higher electron mobility (155 cm 2 V À1 s À1 vs. 10 À5 cm 2 V À1 s À1 ) and large exciton diffusion lengths, 49 low sensitivity to UV degradation and long term stability, which means that ZnO is a good alternative material to TiO 2 . 43 Importantly, the nanostructures and morphology of ZnO can be simply controlled. 50 A 1D ZnO-NR/NW nanostructure provides a direct pathway for the carrier transportation of photoinduced electrons if it is used as a photoanode, which might suppress charge recombination [51] [52] [53] and hence the efficiency can be improved via the utilization of controllable nanostructured arrays. Furthermore, the inltration of tunable size QDs in nanostructures can effectively improve the photovoltaic PCE. 50, [54] [55] [56] [57] [58] However, the performance of QDSSCs not only depends on the photoanode and QDs, but also on the counter electrode (CE) as well as on the electrolyte. The CE is an important issue in the development of efficient QDSSCs. Electrolyte improvement is needed to overcome the poor charge transfer of the CE to the oxidized redox electrolyte species, which greatly affects the ll factor and PCE.
In this report, ZnO/ZnSe core/shell NR arrays with various densities have been grown via hydrothermal and ion exchange approaches for QDSSC applications. The PbS QDs are loaded in the pores and/or on the walls of the vertically oriented ZnO/ZnSe core/shell NR arrays to increase the mobility of the carriers. 58, 59 Cu 2 S is used as a CE due to its superior performance in QDSSCs, in terms of its low cost, facile fabrication, high electrocatalytic activity and good stability. On the other hand, an electrolyte that operates via a polysulde redox couple (S n 2À /S 2À ) is used for testing device performance owing to the effective stabilization of QDs and to improve the performance of QDSSCs. 57, 60 The purpose of this work is to investigate the effect of the physical properties of various densities of 1D ZnO/ZnSe core/ shell NRAs on photoelectrode performance. Firstly, ZnO (core) NR arrays were synthesized on a modied Au@ZnO seed layer (Au ¼ 0.0, 4.0, 8.0 and 16.0 nm) via a hydrothermal approach and then ZnO (core) was coated with a ZnSe shell via an ion exchange approach consisting of ZnO/ZnSe (core/shell) NRAs. The ZnSe shell is used to enhance the optical absorption attributed to reducing the band gap and enhancing the surface area for accommodating more QDs. As a sensitizer, PbS QDs inltrate into the NRAs to enhance the light harvesting properties of the ZnO/ZnSe photoelectrode. A detailed synthesis process, characterization, and photoelectric performance of the photoelectrodes are discussed.
Experimental
The substrate cleaning, ZnO seed layer preparation and ZnO NR arrays growth have been described in previous papers. 8, 9, 58, 61 Briey, a seed layer was prepared on cleaned glass supported uorine-doped tin oxide (FTO) substrates via a spin coating method. A sol gel solution of zinc acetate dehydrate (0.03 M) and ethanolamine (0.03 M) was spin coated on the substrates at 2500 rpm for 1 min and the lm was dried at a temperature of 200 C. The process was repeated twice followed by thermal annealing at 400 C for 30 min. Buffer layers of Au (0.0, 4.0, 8.0, and 16.0) nm were deposited on the ZnO seed layer via a thermal evaporation method under a pressure of 2.2 Â 10 À6 Torr. The modied Au@ZnO seed layers were then annealed at 350 C for 30 min. Aer that, the modied seed layer substrates were suspended face down in an equimolar concentration (0.025 M) of an aqueous solution of zinc nitrate hexahydrate and hexamethylenetetramine (HMTA) at a temperature of 90 C for 5 h. The process was repeated six times to grow the desired NR arrays. The nal ZnO NR array products were annealed in the air at 350 C for 30 minutes to remove inorganic salts or impurities and to improve crystallinity. Then, the ZnO/ZnSe core/shell NR arrays were synthesized by immersing ZnO NR arrays in a mixture of an aqueous solution of Se powder and NaBH 4 (8 mm) at 55 C for 3 h. The process was repeated for a second time to obtain a ZnSe shell with the desired thickness. Aer that, PbS QDs were loaded onto the ZnO/ZnSe NR core/ shell NR arrays via a successive ionic layer adsorption and reaction (SILAR) method. Firstly, a ZnO/ZnSe NR core/shell was dipped into a 0.1 M lead nitrate Pb(NO 3 ) aqueous solution for 1 min to form Pb 2+ ions and then a further 1 min into a 0.1 M sodium sulde (Na 2 S) aqueous solution to allow S 2À to react with the pre-adsorbed Pb 2+ , leading to the formation of PbS QDs. The procedure was repeated 5 times and the substrate was rinsed with deionized (DI) water between the dips.
To produce the nal ZnO NR, ZnO/ZnSe core/shell NR array and PbS QD, the following chemical reactions eqn (1) 
Electrolyte
To investigate the performance of the ZnO/ZnSe/PbS QD photoelectrode, a polysulde electrolyte was made from aqueous solutions of 1.0 M S, 0.1 M NaOH, and 1.0 M Na 2 S, which is a good noncorrosive redox couple for QD solar cell devices. 58 It is used to develop the performance of QDSSCs by reducing the charge recombination between the electrolyte and counter electrode. A low-volatile solvent (DI water) was used to increase the durability of the solar cells. 58 
Counter electrode
A Cu 2 S counter electrode was prepared by immersing a brass sheet in a HCl solution (37 wt%) at a temperature of 70 C for 7 min and subsequently dipping it into a polysulde aqueous solution of 1.0 M S, 0.1 M NaOH, and 1.0 M Na 2 S for 5 min. It is used as an electron collector to circulate through the external circuit and improve the device performance. 58 
Device fabrication
The solar cells were prepared using two electrodes, (ZnO/ZnSe NRs/PbS QDs and the counter electrode) separated by a 60 mm thick polypropylene spacer, and the internal space of the cells was lled with a polysulde electrolyte. The active area of each photoelectrode was 0.05 cm 2 and the device structure is shown in Fig. 6 (a). 58 
Characterization
The nature of the surface of the materials was investigated by eld emission scanning electron microscopy (FE-SEM, Philips). The crystallinity and crystal structures of the samples were investigated using X-ray diffraction (XRD, Rigaku Smart) and transmission electron microscopy (TEM, Philips). SEM images were collected using an acceleration voltage of 20 keV, spot size of 3 and working distance of $10 mm. TEM images were collected using a high resolution TEM at 200 keV. XRD data were taken in the range of 20 to 70 with a step width of 0.02 . UV-vis spectra were collected at RT in the wavelength range of 350 to 1100 nm (PerkinElmer Lambda). The current density (J)-voltage (V) readings were measured with the assistance of air mass 1.5 global (AM1.5G) illuminations apparatus, a calibrated solar simulator with an intensity of 100 mW cm À2 (1-sun).
Results and discussion
3.1 X-ray diffraction were grown on an Au free ZnO seed layer, i.e., Au ¼ 0.0 nm. It can be seen that a few diffraction peaks come from the FTO substrate ( Fig. 1A(a) ). In Fig. 1A . It is obvious that the intensity of the (002) peak is greater than that of the other peaks, attributed to the preferential vertical orientation along the (002) plane and [0001] direction, normal to the substrate surface. The preferential orientation of ZnO along the (002) plane can be attributed to the minimum surface free energy, minimum internal stress and high atomic density, which lead to the easy growth of the crystal. 65 Importantly, some additional peaks in the ZnO/ZnSe (Fig. 1A(c) ) spectrum associated with ZnO NRs (Fig. 1A(b 68 The appearance of these peaks in the XRD pattern is good evidence for ZnO/ZnSe NR (core/shell) crystal formation and is in good agreement with the TEM image ( Fig. 4 ). Besides these peaks, three additional peaks are observed in the diffraction pattern of ZnO/ZnSe/PbS QDs ( Fig. 1A(d . It is interesting that the sharpness of the peaks decreases with increasing buffer layer thickness up to Au ¼ 8.0 nm, and the peak positions shi toward a higher angle ( Fig. 1B (b/)-(d/)). However, the peaks positions shi signicantly for the Au ¼ 16.0 nm buffer layer ( Fig. 1B (e/)) thickness indicating that a thicker Au buffer layer exerts more stress on ZnO/ZnSe NR growth as a result of NRs not being perfectly grown vertically on the substrate, which is in good agreement with the SEM images ( Fig. 3(f) ). No peak is visible for Au in the diffraction pattern of Fig. 1B(b/) , reecting that the ZnO/ZnSe NRAs have grown on the Au free ZnO seed layer. However, a few peaks can be seen in the diffraction patterns for Au ( Fig. 1B(c/) -(e/)) indicating that these ZnO/ ZnSe NRAs have grown on the Au ¼ 0.0 nm coated ZnO seed layer. The intensity of the (111) diffraction peak increases with increasing Au buffer layer thickness, which is in good agreement with the SEM images (shown in Fig. 2(b) and (c) .) It can be clearly seen that all of the crystallographic planes for the ZnO NRs are still present in all of the diffraction patterns, conrming the existence of wurtzite structured ZnO/ZnSe core/shell NRs. It can be clearly seen that the Au free ZnO seed layer ( Fig. 2(a) ) is smoother, uniformly covering the whole substrate surface in a defect free manner with no voids.
Surface morphology measurements using SEM
Aer depositing the Au buffer layer on the ZnO seed layer ( Fig. 2(b)-(d) ), the samples were annealed at 350 C under identical thermal conditions. This led to the formation of nanometer-sized Au grains (clusters), which were dispersed on 
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ZnO seed layer. By comparing the images, it can be seen that there is a large variation in the size distribution of Au grains depending on the thickness of the Au buffer layers. For the Au ¼ 4.0 nm thickness, an overall low density of nanograins/ clusters can be observed in the seed surface, attributed to the agglomeration of smaller grains in the thin Au buffer layer. 66 As the thickness of the Au increases, the grains of Au become noticeably larger and more compacted (Fig. 2(c) and (d)). Such morphology suggests that the Au buffer layers agglomerate into nanosized grains/clusters which play a pivotal role in the controllable growth of ZnO/ZnSe NRAs as is desirable for nanoelectronic and optoelectronic devices. Fig. 3 shows the surface morphologies and cross-section views of the ZnO NRs ( Fig. 3(a) ) grown on the Au free ZnO seed layer and ZnO/ZnSe core/shell NRAs ( Fig. 3(b) -(e)) grown on the Au modied ZnO seeded layers. From Fig. 3(b) -(e), it can be seen that the average core/shell ZnO/ZnSe NR array density (mm À2 ) changes considerably with an increase in the Au buffer layer thickness (Au ¼ 0.0 to 16.0 nm), which is in good agreement with previous reports. [67] [68] [69] [70] [71] [72] [73] [74] As the ZnO seed layers are coated with the Au buffer layer, the nucleation site of the ZnO seeds possibly decreases, which might inhibit the growth of ZnO/ZnSe NRAs resulting in a decrease in the NR array density. 73, 74 Although the density of the ZnO/ZnSe NR arrays can be controlled, simultaneous control of nanostructure morphology, density, and aspect ratio (length/ diameter) are still challenging issues for a facile hydrothermal method. 67, 68, [70] [71] [72] [73] [74] [75] In this study, it can be seen that with an increasing in the Au buffer thickness that both the length and diameter of the ZnO/ZnSe NRs change. The length and diameter of the NRs change in the range of 1.79-2.08 mm and 50-100 nm, respectively, in accordance with increasing Au buffer layer thickness. It is expected that the diameter of the NRs mainly depends on the nature of the ZnO seed layer. However, as the thickness of Au is increased, then the sizes of the granules/clusters of Au increase, compactly covering the ZnO seed layer (Fig. 2(b) and (c)). As a result, the diameter of the NRs grown on a thicker Au buffer layer is increased compared with those grown on an Au free ZnO seed layer. This change can be explained by the decrease in the nucleation agents of the ZnO seed layer for the growth of ZnO/ZnSe NRs. Fig. 3 (b) (inset) shows the energy dispersive X-ray (EDX) spectrum of ZnO/ZnSe core/shell NRs grown on an Au free ZnO seed layer. Three peaks of Zn, O and Se can be observed, indicating that the grown NR array is ZnO/ZnSe. The EDX spectrum of the ZnO/ZnSe/PbS QD structure grown on the Au free ZnO seed layer is shown in Fig. 3(f) . Four elemental peaks for Zn, O, Se, Pb and S are present in the spectrum with proper stoichiometric percentages, conrming that ZnO NRs were uniformly coated with the Se, Pb and S elements. The EDX spectra of the ZnO/ZnSe NR and ZnO/ZnSe/PbS QD structures grown on an Au coated ZnO seed layer are shown in Fig. 3(g) and (h). Importantly, an additional peak for Au can be seen in both spectra with proper stoichiometry, providing evidence that the ZnO/ ZnSe NRs and ZnO/ZnSe/PbS QDs have been grown on the Au coated ZnO seed layer.
Transmission electron microscopy (TEM)

Fig. 4A (le side) shows a low resolution image of intrinsic ZnO
NRs (Fig. 4A(a) ) and core/shell ZnO/ZnSe (Fig. 4A(b) ), selected area electron diffraction (SAED) of ZnO/ZnSe (Fig. 4A(c) ) and a high-resolution transmission electron microscopy (HRTEM) image of the ZnO/ZnSe/PbS QDs (Fig. 4A(d) ). From Fig. 4A(a) , it can be clearly seen that the single ZnO NR possesses a diameter of less than 100 nm. The ZnO/ZnSe consists of a core/shell-like structure, which is indicated by an arrow (Fig. 4A(b) ). The SAED image of ZnO/ZnSe exhibits that the grown NR is single crystalline in nature (Fig. 4A(c) ). The HRTEM shows a well-dened lattice fringe separation of $5.13 nm corresponding to the lattice constant 'c', meaning that the NRs have grown along the c-axis. This result indicates that the NRs have a high quality single-crystalline structure with a growth orientation along the [0001] direction, which is in good agreement with the SAED and XRD results. In addition, the d-spacing in between the crystal planes is about $2.67 nm, which is good agreement with the XRD results ( Fig. 1A and B ). Fig. 4B(a/) and (b/) shows TEM images of ZnO and ZnO/ZnSe grown on an Au ¼ 8.0 nm coated ZnO seed layer. The SAED and HRTEM results of the ZnO/ZnSe/PbS QDs are shown in Fig. 4B(c/) and (d/) . In Fig. 4B(d/) , an area is enclosed by a white dotted line, which shows the average size of the PbS QDs. Aer analysis of the HRTEM, it can be concluded that a synthesized PbS QD size of $5.75 nm with a lattice constant of $0.24 nm was adsorbed on the ZnO/ZnSe core/shell NRA photoelectrode. Fig. 4B (a/)-(d/) show TEM images of the ZnO/ZnSe and ZnO/ ZnSe/PbS structures grown on an Au (Au ¼ 8 nm) coated ZnO seed layer. In this case, it can be seen that the core-shell (ZnO/ ZnSe) morphology is rougher ( Fig. 4B(b/) ) than when grown on the Au free ZnO seed layer ( Fig. 4A(b) ). The SAED pattern (Fig. 4B(c/) ) and HRTEM lattice fringes ( Fig. 4B(d/) ) show small changes that can be attributed to the coating of Au on the ZnO seed layer. However, the photoelectrode consists of a ZnO/ZnSe/ PbS QS structure, which is indicated by different white symbols (QD ¼ white circle area, ZnSe ¼ parallelogram area, ZnO ¼ straight line with lattice constants). associated with the changes in the structures. From Fig. 5 (inset), it can be seen that the ZnO NRAs exhibit (white), ZnO/ ZnSe NRs (orange) and ZnO/ZnSe/PbS QDs (black), respectively. The absorption edge of ZnO is located at around 380 nm and exhibits less absorption of light. However, the ZnO/ZnSe core/shell NRAs demonstrate that more light can comparatively be absorbed than for the ZnO NRAs. The absorption edge is shied toward a higher wavelength, which lowers the band gap of the ZnO/ZnSe NRAs. Therefore, the optical absorption of ZnO can be enhanced by creating a ZnSe shell or more defects (e.g., metal ions doping) on the pure ZnO NRA surfaces. In this case, large numbers of hole-electron pairs could be generated even without the presence of UV light. 76 Hence, the efficiency of the ZnO/ZnSe NR array based solar cell can be increased. It is interesting that the absorption is signicantly enhanced in the visible to near infrared region (630-910 nm) for the ZnO/ZnSe/PbS QD structure, which can be attributed to the PbS QDs. This value gradually decreases with a decrease in the ZnO/ZnSe NRA density, implying that fewer QDs are loaded into lower ZnO/ZnSe NR array density surfaces. The band gap of the PbS QDs was found to be $1.75 eV, which is in good agreement with the reported value. 58 The enhancement in the optical ability of the ZnO/ZnSe/PbS QD photoelectrode in the visible to near infrared region, making it promising for application in photovoltaic devices.
Optical properties (absorption)
J-V characteristics
In an earlier publication, the solar cell performance for a spec-ied NRA density was reported. 58 Fig. 6(a) shows a prototype ZnO NR-based QDSC for electron-hole pair generation and their transport mechanism in the device. The solar cell consists of ZnO/ZnSe (core/shell) NR arrays, QD sensitizer, polysulde electrolyte and a counter electrode. In this case, the ZnO/ZbSe NR arrays serve as a backbone for direct electron transport providing short transport distances in the ZnO/ZnSe/PbS QDs solar cell. Under the illumination of light, photons are captured by PbS QDs yielding electron-hole pairs that are rapidly separated into electrons and holes at the interface between the ZnO/ ZnSe NRs and PbS QDs. The electrons are quickly injected into the conduction band of ZnSe then into ZnO and the holes are released by redox couples (S 2À /Sn 2À ) in the electrolyte. Table 1 . From Fig. 6 (b) (black line) and Table 1 , it can be clearly seen that the ZnO NR-based solar cell fabricated as a ZnO/PbS QD device performed poorly with values of h ¼ 0.079%, J SC ¼ 7.92 mA cm À2 and V OC ¼ 0.04 V, which could be due to its inability to capture more photons, resulting in the generation of fewer electron-hole pairs. The obtained results are consistent with the absorption phenomenon of the ZnO NR arrays shown in Fig. 5 , in that the cell can absorb fewer photons in the visible region. It is interesting that the performance of the ZnO/ZnSe core/shell NRbased devices (ZnO NRs coated ZnSe) is signicantly enhanced compared to that of ZnO NR-based devices (Table 1 ) and the solar cell parameters change with the variation in the ZnO/ZnSe NRA density (Fig. 6(b) ). As the ZnSe (shell) is coated on the ZnO NRs (core), the band gap of ZnO/ZnSe is reduced and the surface defects are suppressed, consequently leading to the more effective absorption of photons. [54] [55] [56] [57] [58] The PbS QD solar cell assembled using the highest ZnO/ZnSe NRA density exhibits a high performance of
Compared with the ZnO NR photoelectrode, the ZnO/ZnSe NR photoelectrode displays signicantly enhanced h, J SC , V OC and FF values, which could be due to an increase in the efficiency of QD loading, suppression of surface defects, reduction in electron loss and decrease in the band gap of ZnO/ZnSe. [54] [55] [56] [57] [58] The assembled QD device with the highest density of ZnO/ZnSe NRAs not only shows improved charge transport phenomena but also allows for the efficient loading of QDs to provide more active sites for generating large numbers of electron-hole pairs and to catalyze the reduction of Sn 2À to nS 2 , hence enhancing the efficiency of the device. [54] [55] [56] 77 The improved morphology of the ZnO/ZnSe NRs offers efficient transport channels to ensure the rapid transportation of electrons due to band gap lowering, and thus the charge combination process can be suppressed, also leading to an increase in performance. [55] [56] [57] [58] As the density of the ZnO/ZnSe NRAs decreases, the photovoltaic performance decreases, which can be attributed to a decrease in the surface area for QD loading (shown in Fig. 3(b) and Table 1 ) and the production of too many defects, resulting in electron loss. The solar cell parameters for the PbS QD device with the lowest ZnO/ZnSe NRA density were obtained as h ¼ 0.25%, J SC ¼ 6.76 mA cm À2 , V OC ¼ 0.13 V and FF ¼ 0.28 ( Table 1 ). The lower value of V OC for the lowest ZnO/ZnSe NR array density can be attributed to the existence of large defects.
From Table 1 it is obvious that the ZnO/ZnSe/PbS QD solar cells possess higher (V OC ) and large short-circuit current densities (J SC ) than those of the ZnO/PbS QD solar cell. The enhancement in the V OC values of the ZnO/ZnSe/PbS QD solar cells can be attributed to the increase in the adsorption and decrease in defects as a result of surface modication. Therefore, the performance of ZnO/ZnSe-based QD devices is enhanced via changes in the surface characteristics of the ZnO NRAs for the harvesting of incident photons and for suppressing surface charge recombination. However, the value of J SC decreases with decreasing ZnO/ZnSe NRA density, which can be attributed to lower interfacial area resulting in decreased light harvesting ( Table 1) .
The efficiency of the highest ZnO/ZnSe NRA density is enhanced by $82% compared to the lowest NRA density via enlarging of the interfacial area between the NR arrays and PbS QDs. A notable efficiency of $0.88% was attained for the highest NRA density, while the efficiency of ZnO/ZnSe NRAs decreased with decreasing NR density suggesting that the dimension of free space between ZnO/ZnSe is also crucial for the inltration of PbS QDs into the NR array system. It is reported that vertical nanostructures, especially low denser arrays of NRs/NWs, may not be optimal for light-harvesting because some photons can fall into the gap between adjacent nanorods and the light loss could be signicant, 78 while denser NR arrays of long and thin single-crystalline nanorods would be ideal to obtain a higher surface and higher electron transport. 79 The ll factor (FF) and the shunt resistance (R sh ) values of the ZnO/ZnSe NR solar cells also improved over those of the ZnO NR-based solar cell, which can be attributed to a decrease in surface defects or recombination centers. The ll factor (FF) value is related to the R sh value according to eqn (4): 77
where FF 0 is the theoretical maximum ll factor. From Table 1 it can be inferred that the FF increases for the ZnO/ZnSe QDSC as a result of an increase in the R sh value. Following previous discussions, it is evident that the modication of the ZnO NRs using a ZnSe shell contributes towards improving the J SC , FF and V OC values of the ZnO/ZnSe/PbS QD solar cells. Our ndings suggest that the possible formation of a ZnO/ ZnSe nanostructure material grown via facile hydrothermal and ion exchange methods could be used for QD sensitized solar cell applications.
The drawback of this type of solar cell is the rather poor V OC , ll factor and inferior device efficiency values, which limit the energy conversion efficiency. These poor values of the solar cell factors could be improved by increasing the hole recovery rate of the polysulde electrolyte, leading to a higher probability of charge recombination, 80 increase in the quality of the counter electrode and decrease in the surface defects of the ZnO/ZnSe nanostructure. Furthermore, to improve the efficiency of NR array-based devices, the structures of ZnO/ZnSe and the size of QDs should be optimized, and a new hole transport medium with a suitable redox potential and low electron recombination at the semiconductor and electrolyte interface should be developed.
Conclusions
Utilizing hydrothermal and ion exchange approaches, ZnO/ ZnSe nanostructures can be controlled using a Au buffer layer deposited on a ZnO seed layer. It is found that the ZnO/ZnSe nanostructure array density plays an important role in the light-harvesting performance. The absorption increases with an increase in the ZnO/ZnSe core/shell NRA density and signicant enhancement is observed in the visible to near infrared region. The inltration of PbS QDs into the ZnO/ZnSe core/shell structure with the highest NR array density leads to a maximum PCE of $0.88%, and the efficiency decreases with a decrease in the ZnO/ZnSe core/shell NRA density. Indeed, the intrinsic ZnO/PbS QD solar cell exhibits low efficiency, but controlling the morphology of the ZnO/ZnSe NRA improves the device efficiency. It can be seen that the V OC , FF and J SC values depend on the morphology variation of the ZnO/ZnSe NRAs, which is an important factor that can be used to improve the device performance. Although the efficiency in the present study is very low, further improvement of the ZnO/ZnSe/PbS QD photoelectrode could be achieved via the optimization of the rod-to-rod spacing, length, diameter, density, and the quality of the ZnO/ZnSe NRs, counter electrode, and electrolyte, as well as the suppression of surface defects. In addition, the size of the PbS QDs should be optimized to harvest sunlight efficiently. The interface area between the QDs and nanostructured metal oxide, wherein the depletion region is formed, must also be as large as possible to create better carrier pathways.
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